The effect of interface on the spin injection characteristics in lateral spin valves with Permalloy/ MgO/Ag junctions has been studied. The spin valve signal drastically increases after the insertion of a thin MgO layer in the local and nonlocal spin injection schemes. We analyze our results based on the spin-dependent diffusion equation. This reveals that the interface resistance of $100 fXm 2 could effectively overcome the spin resistance mismatch between ferromagnetic and nonmagnetic metals.
I. INTRODUCTION
The injection, manipulation, and detection of spin currents are the key ingredients of spintronics. 1, 2 The nonlocal spin injection in lateral spin valves has provided a wealth of scientific knowledge and has proved to be an effective method to generate a pure spin current, i.e., a diffusive flow of spin angular momentum accompanied by no flow of charge. To effectively generate pure spin current, the problem of spin resistance mismatch between the ferromagnet and the nonmagnet at the injector should be addressed. [3] [4] [5] Spin resistance is a resistance to the spin relaxation, and is proportional to its electrical resistivity multiplied by its spin diffusion length. For metallic lateral spin valves, the different spin diffusion lengths between the ferromagnet and the nonmagnet are mainly attributed to the spin resistance mismatch. For example, the spin diffusion lengths of Permalloy (Py) and of nonmagnets such as Ag, Al, Cu, and Mg are 5 nm and around 1000 nm, respectively, at low temperatures. [6] [7] [8] [9] [10] Tunnel junctions are mainly used to overcome the spin resistance mismatch problem. However, an increase in the applied current to the tunnel junction decreases the spin injection efficiency, 11 and may cause damage to the junction by Joule heating. Previously, we reported the interface resistance dependence of the spin accumulation in the lateral spin valves with Py/MgO/Ag junctions. 12 Here, we have investigated the effects of the MgO interface layer on spin injection characteristics in detail.
II. EXPERIMENT
Lateral spin valves with Py/MgO/Ag junctions are prepared on a Si/SiO 2 substrate by means of shadow evaporation to get clean interfaces. The suspended resist mask consisting of methyl-methacrylate 500 nm thick and polymethylmethacrylate 50 nm thick is patterned using e-beam lithography. Ferromagnetic Py and nonmagnetic materials including Ag and MgO are e-beam deposited separately in two different interconnected evaporation chambers with base pressures of 2Â10 À8 Torr and 4Â10 À10 Torr, respectively. This is to prevent magnetic impurities from affecting the spin diffusion length of the Ag. The injector and detector Py electrodes are obliquely deposited at a tilting angle of 45 from substrate normal. Then a thin interface layer of MgO is also deposited at a tilting angle of 45 . Finally, a Ag layer 50 nm thick is deposited normal to the substrate.
The nonlocal spin valve (NLSV) and local spin valve (LSV) measurements are carried out by conventional current-bias lock-in technique with an amplitude of 200 lA. For the NLSV measurements, the current is applied between electrodes 5 (E5) and 6 (E6), and the voltage is detected by using electrodes 3 (E3) and 4 (E4), as shown in Fig. 1 . For the LSV measurements, the current is applied between E1 and E2, and the voltage is detected by using E4 and E5. The external magnetic field is applied parallel to the Py wires. The switching field of Py1 is larger than that of Py2 because of a large domain wall reservoir at the edge. This device structure enables us to measure the NLSV and LSV signals, and also the junction resistances between the Py and Ag electrodes. , which is several orders of magnitude lower than that of a typical tunnel junction. 13, 14 The value of R I increases exponentially with t MgO as with a tunnel junction.
III. RESULTS AND DISCUSSION
12 However, the current-voltage characteristics of the Py/MgO/Ag junction exhibited a linear variation. For the NLSV signal, DR S shows a similar value for the Co/Al 2 O 3 /Al tunnel junction, 8 but the value is higher than that of Py/Al 2 O 3 /Al and Py/Al 2 O 3 /Cu tunnel junctions in a similar lateral geometry.
15,16 Figure 3 shows the R I dependence of DR S for the LSV [ Fig. 3(a) ] and NLSV [ Fig. 3(b) ] geometries in the lateral spin valves with different d. Both results show similar behavior, i.e., DR S increases gradually, shows a maximum at R I % 100 fXm 2 for t MgO % 1 nm, and decreases sharply as R I increases. The analytical expression for DR S based on the 1D spin dependent diffusion equation with a spin dependent interface is expressed as follows:
where P is the spin polarization; k is the spin diffusion length; and
2 ) are the spin resistances, where q is the resistivity, t is the thickness, and w is the width. The subscripts I, N, and F in the above relations represent the interface (MgO) and the nonmagnetic (Ag) and ferromagnetic (Py) layers, respectively. The sharp decrease of DR S in the high R I region cannot be reproduced by Eq. (1), and thus we propose a spin-dependent (t MgO < 1 nm) and -independent (t MgO < 1 nm) interface resistance model to take the spin relaxation in the thick layer into account, because the MgO was amorphous and an electrically leaky insulator. 12 A modified Valet-Fert two spin-channel resistor circuit comprising a spin-dependent interface resistance R I1 , with the spin polarization P I1 , and a spin-independent interface resistance R I2 connected in series with R I1 is used, 18 as shown in Fig.  4(a) . The spin polarization at this interface is given by
The solid lines in Fig. 3(b) are obtained by fitting the experimental results to Eqs. (1) and (2) with the parameters listed in Table I . They describe the trend of the spin signals with R I well, implying that R I gives rise to the change in DR S . In order to elucidate the spin-injection efficiency into Ag from Py through the MgO interface layer, we calculate the spin polarization P Ag of the injected spin current across the interface using the Takahashi-Maekawa formula: (1) and (2) with the parameters listed in Table I . 
Figure 4(b) shows the calculated P Ag using Eq. (3) with the parameters listed in Table I . The R I dependence of P Ag shows the same variation as the spin valve signal DR S . The spin polarization P Ag for the Py/Ag junction (R I % 0.5 fXm 2 ) is 0.038, much lower than P F , because of the strong spin relaxation at the interface. The value of P Ag starts to increase gradually with R I , and then it reaches a maximum value of 0.11 at R I % 1000 fXm 2 for a simple spin dependent interface, as shown by the solid curve of Fig. 4(b) . For our Py/ MgO/Ag junctions, P Ag drops dramatically down to almost zero in the high R I region, as shown by the broken curve of Fig. 4(b) . Important to note here is that the value of P Ag reaches a value close to the maximum, even though R I % 100 fXm 2 (t MgO ¼ 1 nm), which is several times as large as the spin resistance of Ag. This suggests that a tunnel junction with a high potential barrier is unnecessary to overcome the spin resistance mismatch problem in the metallic lateral spin valves.
IV. CONCLUSIONS
We have systematically investigated the interface contributions to the spin injection in Py/MgO/Ag lateral spin valves. The spin valve signal drastically increases with MgO thickness and reaches a maximum when the interface resistance is about 100 fXm 2 for MgO wih a thickness of 1 nm. Our quantitative analysis, based on a one-dimensional spindependent diffusion model considering variable spin polarization in the MgO layer, describes well the experimental behavior in the spin valve signals. This shows that the value of R I % 100 fXm 2 , which is several orders of magnitude smaller than that of the tunnel junction, could effectively overcome the spin resistance mismatch problem between the ferromagnetic and nonmagnetic metals. Such a low R I junction leads to a further increase in the spin accumulation voltage DV S ¼ DR S I because the maximum applied current can be increased. Because DR S stays unchanged up to around 1 mA in the present lateral spin valves, a large spin accumulation DV S % 10 lV is obtained.
